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Abstract—This work is devoted to an impedance grasping
strategy for a class of standard mechanical systems in the port-
Hamiltonian framework. We embed a variable rest-length of the
springs of the existing impedance grasping strategy in order
to achieve a stable non-contact to contact transition, and a
desired grasping force. We utilize the port-Hamiltonian structure
of standard mechanical systems. First, we utilize a change of
variables that transforms the port-Hamiltonian system into one
with constant mass-inertia matrix. We then achieve impedance
grasping control via a virtual spring with a variable rest-length.
The force that is exerted by the virtual spring leads to a
dissipation term in the impedance grasping controller, which is
needed to obtain a smoother non-contact to contact transition.
Simulations and experimental results are given in order to
motivate our results.
I. INTRODUCTION
In order to perform complex robotic tasks involving the
interaction of the end-effector and an external environ-
ment, a strategy with dexterous manipulation is required. An
impedance grasping strategy represents a suitable solution for
mechanical systems which means the capability to constrain
objects with an end-effector (gripper) [8], [18], [19].
A conventional impedance control strategy in the Euler-
Lagrange (EL) framework is a feedback transformation such
that the closed-loop system is equivalent to a mechanical
system with a desired behavior, [1], [8], [19]. More recently
in the EL framework, the concept of contact estimation in
order to improve the classical results of impedance control is
introduced in [5], and kinematic redundancy for safe inter-
action of the robot system with the environment is given by
[16]. Passivity-based control in the EL framework is based on
selecting a storage energy function, which ensures the desired
behavior between the environment and the mechanical system.
However, the desired storage function does not qualify as an
energy function in any meaningful physical sense as stated
in [1], [14]. In comparison with the EL framework, the port-
Hamiltonian (PH) framework has cleaner tuning opportunities,
resulting in a better performance [6], [7], [22]. An impedance
grasping control approach in the PH framework is given
by [20]. This approach introduces the concept of virtual
object, and its interconnection with the end-effector and the
environment via configuration springs. The grasping of the
real object (environment) is obtained via an indirect control
of the position of the virtual object. In [20] actual contact
points and measuring of contact forces are not considered for
embedding in an impedance control strategy. In addition, an
impedance control design methodology in the PH framework
with Casimir functions is proposed by [17], where the input
of the mechanical system is different from the standard case,
i.e., it is not a torque but a fluid flow. More recently, in [24]
a variable stiffness coefficient for virtual springs is the key
strategy for grasping and manipulation via a port-Hamiltonian
framework. Furthermore, an energy-balancing passivity-based
impedance control strategy is applied to an unmanned aerial
vehicle in [25] where both motion and interation control is
achieved with the key playing role of a virtual spring stiffness.
The main contribution of this paper is a novel impedance
grasping control strategy for mechanical systems to improve
the transient behavior in non-contact to contact transitions.
We realize a passivity-based control strategy, and a type of
modified integral control action which can be interpreted as a .
a virtual spring with a variable rest-length. This means that we
can shape the potential energy relative to a grasping force. We
achieve this by a coordinate transformation to include a virtual
position error in the passive output of the transformed PH
system. The use of the coordinate transformation is inspired
by the results of [2]. The main advantage of our results above
[20] and the classical impedance controller of [8] is that our
grasping strategy is less destructive in nonrigid environments.
This is illustrated in experiments with the Philips Experimental
Robotic Arm (PERA), [15]. Our grasping strategy can be
interpreted as a combination of impedance control and force
control, i.e., impedance control is employed to manage the
transient behaviour of the grasping, and force control is
employed to deal with the steady-state response of the system,
i.e., we specify how strong (or weak) is the grasp.
The grasping force depends on the object (environment)
dynamics and position. We compensate here for nonlinear
dynamics of the nonrigid body by the feed back of the mea-
surements of our force sensors [11]. In principle, estimation
techniques via position-based visual servo control or image-
based visual servo control, as in [9], leads to a priori knowl-
edge of the position of the object. Given this information, we
are able to successfully implement our impedance grasping
strategy successfully. Vision control is out of the scope of this
paper even though there exists literature about vision control
in the PH setting [3], [4], [21], which is promising to connect
to our setting in future research.
Preliminary results with simulations of an end-effector of
one degree of freedom (DOF) are in [12]. Contrary to [12],
here we present a more clear physical interpretation of our
controller, we introduce a smoothed potential energy com-
pensation in the model of the end-effector, and we provide
experimental results.
The paper is organized as follows. In Section II, we provide
a general background in the PH framework, especially for a
class of standard mechanical systems, and we include a brief
summary about systems modeling with actuation of additional
external forces. In addition, we apply the results of [23] to
equivalently describe the original PH system in a PH form
which has a constant mass-inertia matrix in the Hamiltonian
via a change of variables. Then, in Section III we introduce
our impedance grasping strategy with the interpretation of
virtual spring with a variable rest-length. We obtain asymptotic
stability to a desired grasping force. Finally, simulations and
experimental results are given in Section TBA, and Section IV
provides concluding remarks.
II. PRELIMINARIES
We briefly recap the definition, properties and advantages
of modeling and control with the PH formalism. Then, we
recap the results of [7] in terms of generalized coordinates
transformations for PH systems, and finally we apply the
results of [23] to equivalently describe the original PH system
in a PH form which has a constant mass-inertia matrix in the
Hamiltonian.
A. Port-Hamiltonian Systems
The PH framework is based on the description of systems in
terms of energy variables, their interconnection structure, and
power ports. PH systems include a large family of physical
nonlinear systems. The transfer of energy between the physical
system and the environment is given through energy elements,
dissipation elements and power preserving ports [6], [10]. A
time-invariant PH system, introduced by [10], is described by
Σ =


x˙= [J (x)−R(x)]
∂H (x)
∂x
+ g(x)w
y= g(x)⊤
∂H (x)
∂x
(1)
with x ∈RN the states of the system, the skew-symmetric in-
terconnection matrix J (x) ∈RN ×N , the symmetric, positive-
semidefinite damping matrix R(x)∈RN ×N , and the Hamilto-
nian H (x) ∈R. The matrix g(x) ∈RN ×M weights the action
of the control inputs w ∈ RM on the system, and w, y ∈ RM
with M ≤ N , form a power port pair. We now restrict the
analysis to the class of standard mechanical systems.
Consider a class of standard mechanical systems of n-DOF
as in (1), e.g., an n-dof rigid robot manipulator. Consider
furthermore the addition of an external force vector. The
resulting system is then given by
[
q˙
p˙
]
=
[
0n×n In×n
−In×n −D(q, p)
]
∂H (q, p)
∂q
∂H (q, p)
∂ p


+
[
0n×n
G(q)
]
u+
[
0n×n
B(q)
]
fe (2)
y= G(q)⊤
∂H (q, p)
∂ p
(3)
with the vector of generalized configuration coordinates q ∈
R
n, the vector of generalized momenta p ∈ Rn, the identity
matrix In×n, the damping matrix D(q, p) ∈ R
n×n, D(q, p) =
D(q, p)⊤≥ 0, y∈Rn the output vector, u∈Rn the input vector,
fe ∈R
n the vector of external forces, N = 2n, matrix B(q) ∈
R
n×n, and the input matrix G(q)∈Rn×n everywhere invertible,
i.e., the PH system is fully actuated. The Hamiltonian of the
system is equal to the sum of kinetic and potential energy,
H (q, p) =
1
2
p⊤M−1 (q) p+V (q) (4)
where M (q) = M⊤ (q) > 0 is the n× n inertia (generalized
mass) matrix and V (q) is the potential energy.
Remark 1: The robot dynamics is given in joint space in
(2), and here the external forces fe ∈R
n are introduced. Since
fe is a vector of external forces, B(q) ∈R
n×n is the transpose
of the geometric Jacobian [19] that maps the forces in the
work space to the (generalized) forces in the joint space. In
this paper the following holds,
fe = J (q)
⊤
Fe, Fe ∈ R
N
, (5)
and the geometric Jacobian is given by
J (q) =
[
Jv (q)
Jω (q)
]
∈R6×n (6)
where Jv (q) ∈R3×n, and Jω (q) ∈R3×n are the linear, and
angular geometric Jacobians, respectively, and N = {3,6}. If
the Jacobian is full rank, we can always find fe ∈ R
n that
corresponds to Fe. Then, it is not a limitation to suppose
B(q) = In. This separation between joint and work spaces is
important here, because we control the robot by acting on the
generalized coordinates q, i.e., in the joint space, but we grasp
objects with the end-effector in the work space.
We consider the PH system (2) as a class of standard
mechanical systems with external forces.
B. Nonconstant to constant mass-inertia matrix transforma-
tion
Consider a class of standard mechanical systems in the PH
framework with a nonconstant mass-inertia matrix M (q) as in
(2). The aim of this section is to transform the original system
(2) into a PH formulation with a constant mass-inertia matrix
via a generalized canonical transformation [7]. The proposed
change of variables to deal with a nonconstant mass inertia
matrix is first proposed by [23].
Consider system (2) with nonconstant M (q), and a coordi-
nate transformation x¯= Φ(x) = Φ(q, p) as
x¯=
(
q¯
p¯
)
=
(
q− q f
T (q)−1 p
)
=
(
q− q f
T (q)⊤ q˙
)
(7)
with a constant virtual desired position q f that we define later
on, and where T (q) is a lower triangular matrix such that
T (q) = T
(
Φ
−1 (q, p)
)
= T¯ (q¯) (8)
and
M (q) = T (q)T (q)⊤ = T (q¯)T (q¯)⊤ (9)
Consider now the Hamiltonian H (q, p) as in (4), and using
(7), we realize H¯ (x¯) = H
(
Φ−1 (x¯)
)
and V¯ (q¯) = V
(
Φ−1 (q¯)
)
as
H¯ (x¯) =
1
2
p¯⊤ p¯+ V¯ (q¯) (10)
The new form of the interconnection and dissipation matrices
of the PH system are realized via the coordinate transformation
(7), the mass-inertia matrix decomposition (9), and the new
Hamiltonian (10).
Consider the system (2), the change of variables Φ(q, p) as
in (7), the M (q) decomposition as in (9), and the Hamiltonian
H¯ (x¯) as in (10). The resulting forced [22] PH system is then
given by
[
˙¯q
˙¯p
]
=
[
0n×n T
−⊤
−T−1 J¯2− D¯
]
∂ H¯ (q¯, p¯)
∂ q¯
∂ H¯ (q¯, p¯)
∂ p¯


+
[
0n×n
G¯(q¯)
]
v+
[
0n×n
B¯(q¯)
]
fe (11)
y¯= G¯(q¯)⊤
∂ H¯ (q¯, p¯)
∂ p¯
(12)
with a new input v ∈ Rn. The arguments of T (q¯), J¯2 (q¯, p¯),
and D(q¯, p¯) are left out for notational simplicity. The skew-
symmetric matrix J¯2 (q¯, p¯) takes the form
J¯2 (q¯, p¯) =
∂
(
T¯−1 p¯
)
∂ q¯
T¯−⊤− T¯−1
∂
(
T¯−1 p¯
)
∂ q¯
⊤
(13)
with
(q, p) = Φ−1 (q¯, p¯) (14)
together with the matrix D¯(q¯, p¯) ≥ 0, and the input matrices
G¯(q¯), and B¯(q¯), are described by
D¯ (q¯, p¯) = T (q¯)−1D
(
Φ
−1 (q¯, p¯)
)
T (q¯)−⊤ (15)
G¯(q¯) = T (q¯)−1G(q¯) (16)
B¯(q¯) = T (q¯)−1B(q¯) (17)
respectively. Via the transformation (7), we then obtain a
class of mechanical systems with a constant (identity) mass
inertia matrix in the Hamiltonian function as in (10), which
equivalently describes the original system (2) with nonconstant
mass-inertia matrix. We use the results for our impedance
grasping strategy in the next section.
III. AN IMPEDANCE GRASPING STRATEGY
In this section, a control law strategy is introduced in order
to achieve an impedance grasping interaction between a me-
chanical system and its environment, in a noncontact to contact
transition. Here, we combine two strategies, i.e., impedance
control and force control. First, impedance control is used to
manage transient behavior of the grasping, i.e., the interaction
between an end-effector and the environment (object). We
improve the response of the system during noncontact to
contact transitions in comparison to former impedance control
methods such as [8], [16], [17]. Secondly, force control is
employed to deal with the steady-state response of the system.
The problem of stabilization is to find a control law which
brings the grasping force to a desired force fd . In order to
avoid steady-state errors, we include dynamics in such a way
that the PH structure is preserved. Then, via a change of
variables for the canonical momenta of system (11), we realize
a passive output in the transformed system that includes the
grasping error. The key idea implemented here lies in the
virtual potential energy shaping. The virtual potential energy is
represented as virtual spring-stored energy, which rest-length
can be varied. This means that we can shape the minimum
potential energy relative to a grasping force. Then, when the
system experiences the noncontact to contact transition, we
obtain asymptotic stability to a desired force which is related
to a virtual desired position q f . The results here are inspired
by [2], [20].
We define a virtual spring with a variable rest-length qrl .
The force that is exerted by the virtual spring leads to a
dissipation term in the impedance grasping controller, which is
needed to obtain a smoother noncontact to contact transition.
Of importance here is to make the dynamics of the rest-length
dependent on the port output of the system. Then, the incor-
poration of a virtual spring force with a variable rest-length
fundamentally improves mechanical impedance between the
mechanical system and the environment. In order to implement
the virtual spring force we define a virtual potential energy
U¯ (q¯, p¯,qrl) as
U¯ (q¯, p¯,qrl) = p¯
⊤T (q¯)⊤Kp (q¯− qrl)
+
1
2
(q¯− qrl)
⊤
KpT (q¯)T (q¯)
⊤
Kp (q¯− qrl)
+
1
2
(q¯− qrl)
⊤
Kp (q¯− qrl)+
1
2
q⊤rlKrlqrl (18)
with matrices Kp > 0, Krl > 0. Furthermore, a desired grasping
force fd is related to a virtual desired position q f , a virtual
potential energy U¯ (q¯, p¯,qrl) as in (18), a rest-length qrl , and a
generalized coordinate q. Based now on the classical concept
of impedance control introduced by [8], we design a grasping
force fd given when (q, qrl) are asymptotically stabilized to
zero, i.e.,
fd = Kpq f (19)
Remark 2: The virtual potential energy (18) is defined in
the joint space, but the idea is to apply a desired vector force
Fd ∈R
n in the work space in steady state. Then, the meaning
of (19) is that it is necessary to find fd ∈R
n, Kd ∈R
n×n, and
q f ∈ R
n×n such that
fd = J
⊤
(
q f
)
Fd = Kpq f . (20)
Kp > 0 is interpreted as a desired elastic behavior in the joint
space, and q f is the reference position in steady state. When
the dynamics of qrl is given, we basically have a desired
impedance, i.e., we specify the way in which robot and object
interact. Hence, the desired impedance is defined in joint
space.
In order to incorporate the variable rest-length in the port
output of the system, we realize a coordinate transformation
pˆ= p¯+T (q¯)⊤Kp (q¯− qrl) (21)
which then implies
˙ˆp= ˙¯p+T (q¯)⊤Kp ( ˙¯q− q˙rl)+ T˙ (q¯)
⊤
Kp (q¯− qrl) (22)
The new output becomes
yˆ= G¯(q¯)⊤ pˆ = G¯(q¯)⊤
(
p¯+T (q¯)⊤Kp (q¯− qrl)
)
(23)
and finally the dynamics of the rest-length is chosen as a
modified integrator, i.e.,
q˙rl =−yˆ−Kp (q¯− qrl)−Krlqrl (24)
with a constant matrix Krl > 0.
Remark 3: It can be seen that a new port-pair (url ,yrl) is
now given by the following dynamics
url =q˙rl (25)
yrl =G¯ (q¯)
⊤ ∂ (H¯ (q¯, p¯)+U¯ (q¯, p¯,qrl))
∂qrl
=G¯ (q¯)⊤ (Kp (q¯− qrl)+Krlqrl) (26)
with H¯ (q¯, p¯) as in (10), U¯ (q¯, p¯,qrl) as in (18), and the
dynamics of qrl as in (24).
We now define an impedance grasping control law of the
PH system (2) with measurable external forces, i.e.,
Theorem 1: Consider the port-Hamiltonian system (11) with
D¯(q¯, p¯), constant matrices Kp > 0 and Krl > 0, invertible
matrices G¯(q¯) and B¯(q¯), and that we have information of
the vector of external forces fe via force sensors. Consider
furthermore a passive output yˆ as in (23), and assume that the
system is zero-state detectable with respect to x¯. Then, the
control input
v=G¯−1
[
T−1
∂ H¯ (q¯, p¯)
∂ q¯
+ G¯Krlqrl− B¯ fe
+
(
G¯T−⊤−T−⊤+ J¯2− D¯
)
T⊤Kp (q¯− qrl)
−T⊤Kp ( ˙¯q− q˙rl)− T˙
⊤Kp (q¯− qrl)
]
−Cyˆ (27)
with C> 0, asymptotically stabilizes the system (11) with zero
steady-state error at q¯∗ = 0. We have left out the arguments
of G¯(q¯), J¯2 (q¯, pˆ), D¯(q¯, pˆ), T (q¯), and B¯(q¯) for notational
simplicity.
proof 1: The coordinate transformation x¯ as in (7) results in
˙¯q as
˙¯q= q˙=M (q)−1 p= T (q¯)−⊤ p¯ (28)
Based on the adapted momenta pˆ as in (21), we rewrite the
dynamics ˙¯q as in (28) in terms of (q¯, pˆ,qrl), i.e.,
˙¯q=−Kp (q¯− qrl)+T (q¯)
−⊤
pˆ (29)
We differentiate both sides of the change of variables (21) as
˙ˆp= ˙¯p+T (q¯)⊤Kp ( ˙¯q− q˙rl)+ T˙ (q¯)
⊤
Kp (q¯− qrl) (30)
and with the dynamics of ˙¯p as in (11) as
˙¯p =−T−1
∂ H¯
∂ q¯
+(J¯2− D¯)
∂ H¯
∂ p¯
+ G¯v+ B¯ fe
=−T−1
∂ H¯
∂ q¯
+(J¯2− D¯) p¯+ G¯v+ B¯ fe (31)
In (31), we have left out the arguments of T (q¯), G¯(q¯), H¯ (q¯, p¯),
D¯(q¯, p¯), and J¯2 (q¯, p¯) for notational simplicity. We substitute
the dynamics of ˙¯p as in (31), and the control law v as in (27)
in (30). It leads to the dynamics ˙ˆp in terms of (q¯, pˆ,qrl), i.e.,
˙ˆp=
(
J¯2 (q¯, p¯)− D¯(q¯, p¯)− G¯(q¯)CG¯(q¯)
⊤
)
pˆ
−Kp (q¯− qrl)+ G¯(q¯) (Kp (q¯− qrl)+Krlqrl) (32)
with pˆ as in (21), and yˆ as in (23). Furthermore, the dynamics
of the variable rest-length q˙rl as in (24) can be rewritten as
q˙rl =−G¯(q¯)
⊤
pˆ−Kp (q¯− qrl)−Krlqrl (33)
Finally, we choose a smooth function U¯ (q¯, p¯,qrl) as in (18),
We then realize a candidate Lyapunov function Hˆ (q¯, pˆ,qrl) =
H¯ (q¯, p¯)+U¯ (q¯, p¯,qrl), s.t., Hˆ (q¯, pˆ,qrl)> 0, and with H¯ (q¯, p¯)
as in (10), and the change of variables p¯ as in (21), i.e,
Hˆ (q¯, pˆ,qrl) =
1
2
pˆ⊤ pˆ+
1
2
(q¯− qrl)
⊤
Kp (q¯− qrl)
+
1
2
q⊤rlKrlqrl (34)
Based now on the dynamics ˙¯q as in (29), ˙ˆp as in (32), and q˙rl
as in (33), we obtain the closed-loop

 ˙¯q˙ˆp
q˙rl

=

 −In×n T
−⊤ 0n×n
−T−1 −D˜ G¯
0n×n −G¯
⊤ −In×n




∂ Hˆ
∂ q¯
∂ Hˆ
∂ pˆ
∂ Hˆ
∂qrl


(35)
with Hamiltonian (34), where the matrix D˜(q¯, pˆ) is given by
D˜(q¯, pˆ) =− J¯2 (q¯, pˆ)+ D¯(q¯, pˆ)+ G¯(q¯)CG¯(q¯)
⊤
(36)
and where the arguments of T (q¯), D˜(q¯, pˆ), and Hˆ (q¯, pˆ,qrl)
are left out for simplicity.
Take now (34) as a candidate Lyapunov function,
Hˆ (q¯, pˆ,qrl)> 0. It can be verified via the dynamics of q¯, pˆ and
qrl , as in (29), (32), and (33), respectively, that (q¯, pˆ,qrl) =
(0,0,0) is an equilibrium point of (35). We now compute the
power balance ˙ˆH (q¯, pˆ,qrl) as
˙ˆH (q¯, pˆ,qrl) =−
[
qˆ⊤ pˆ⊤ qˆ⊤rl
]⊤
U

 qˆpˆ
qˆrl

 (37)
with qˆ = q¯− qrl , qˆrl = Kp (q¯− qrl)+Krlqrl , and a matrix U ,
s.t.,
U =

 KpKp 0n×n 0n×n0n×n D¯(q¯, pˆ)+ G¯(q¯)CG¯(q¯)⊤ 0n×n
0n×n 0n×n In×n

 (38)
Since G¯(q¯) is full rank, D¯(q¯, pˆ) ≥ 0, and C, Kp and Krl are
positive definite, then U > 0, and thus ˙ˆH (q¯, pˆ,qrl)≤ 0. Hence,
since the system is zero-state detectable (see [7]), then the
closed-loop system (35) is asymptotically stable in (q¯, pˆ,qrl) =
(0,0,0), and hence q¯∗ = 0. 
Remark 4: Since the new output yˆ as in (23) includes a
position error q¯ and a variable rest-length qrl , we have realized
here an additional (co)dissipation term KpKp > 0 in our power
balance ˙ˆH (q¯, pˆ,qrl) as in (37). This additional dissipation term
realized by our impedance strategy (27) leads to a smoother
noncontact to contact transition during the grasping.
Summarizing, we have realized an impedance grasping
control law via passivity-based control, and damping injection.
Via the control law (27) we are able to stabilize the system
(11) to a virtual desired position q f which means a realization
of a grasping force fd as in (19) in a noncontact to contact
transition. We assume here that the end-effector is within a
grasping distance with respect to the environment [13].
IV. CONCLUDING REMARKS
This paper is devoted to the development of a new strategy
of impedance grasping control in the PH framework in a
noncontact to contact transition. Our main motivation is given
by the proposition of an alternative to the classical impedance
control methods in the EL and the PH formalism. We have
given an impedance control law that consist of force control
complemented with a virtual spring force. The incorporation
of a virtual spring force with a variable rest-length that can
be varied fundamentally improves the mechanical impedance
between the system and the environment. The impedance
control law achieves asymptotic stability in the closed-loop
system with a zero steady-state error. Future work includes
experimental results based on the proposed impedance grasp-
ing strategy and the implementation of estimation techniques
in order to obtain a grasping force. The estimation techniques
that we have considered are based on force feedback during
a noncontact to contact transition, and an estimation of the
position of the object. Including vision control for position
estimation is a topic of future research.
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